Hepcidin plays a central role in systemic iron metabolism. The bone morphogenetic protein (BMP) pathway regulates expression of hepcidin through transcriptional activation via BMP-responsive elements (REs) 1 and 2 on the promoter. Previous studies also revealed that the BMP pathway stimulates transcription of its target genes via GC-rich sequences on the promoter. A search for GC-rich sequences on the hepcidin promoter indicated 13 regions across the distal (A to F), middle (G to I), and proximal (J to M) areas; among them, mutations of the GC-rich element found in regions B to D exhibited decreased responsiveness to ALK3(QD) expression in the presence of BMP-RE1 mutations, indicating necessity of the elements for full expression of hepcidin by the BMP pathway.
Hepcidin plays a central role in systemic iron metabolism. The bone morphogenetic protein (BMP) pathway regulates expression of hepcidin through transcriptional activation via BMP-responsive elements (REs) 1 and 2 on the promoter. Previous studies also revealed that the BMP pathway stimulates transcription of its target genes via GC-rich sequences on the promoter. A search for GC-rich sequences on the hepcidin promoter indicated 13 regions across the distal (A to F), middle (G to I), and proximal (J to M) areas; among them, mutations of the GC-rich element found in regions B to D exhibited decreased responsiveness to ALK3(QD) expression in the presence of BMP-RE1 mutations, indicating necessity of the elements for full expression of hepcidin by the BMP pathway.
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Hepcidin is a liver-derived hormone that inhibits the transfer of iron to extracellular fluid; it inhibits intestinal absorption of iron and iron release from macrophages [1] [2] [3] . The inhibitory activity of hepcidin is transcriptionally regulated at the level of hepcidin expression [1, 4, 5] . Previous studies have shown that the bone morphogenetic protein (BMP) pathway is one of the main regulatory pathways of hepcidin transcription [1, 4, 5] . Iron overload induces hepatic expression of BMP6, a member of the BMP group, resulting in the upregulation of hepcidin expression. This is a main defense mechanism against the adverse effects derived from excess iron [4] .
Previous studies have shown that two putative BMP-responsive elements (BMP-REs) are the cis elements on the mouse hepcidin promoter responsible for BMP-induced transcription. BMP-RE1 and BMP-RE2 span nt À155 to nt À150 and nt À1678 to nt À1673, respectively (nt +1 is defined as translational initiation site), and the nucleotide sequence of both elements is 5 0 -GGCGCC-3 0 [6, 7] . The BMP-REs were deduced from the nucleotide sequence of the BMP-RE detected on the promoter of inhibition of differentiation 1 (Id1), a well-known BMP-responsive gene [8] . Studies were performed using a series of reporters with deletions in the hepcidin promoters [7] , and the mutated reporters [6] indicated a critical role for the cis elements in BMP-mediated hepcidin transcription. However, mutations in either BMP-RE, BMP-RE1, or BMP-RE2 were not enough for complete inhibition of hepcidin transcription induced by the BMP pathway [6, 9] . In addition, deletions of 0.3 kb from a reporter À2.0 kb upstream of the hepcidin promoter, which is a reporter À1.7 kb upstream of the hepcidin promoter and contains both BMP-RE1 and BMP-RE2, decreased BMP-induced hepcidin transcription [7] . These results suggest the presence of additional BMPREs on the hepcidin promoter.
Abbreviation BMP, bone morphogenetic protein; BMP-RE, BMP-responsive elements; BR, BMP receptor-regulated; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SBE, Smad-binding elements.
BMPs bind to their specific type I and type II receptors and induce phosphorylation of BMP receptor-regulated (BR)-Smads, such as Smad1, Smad5, and Smad8 [10, 11] . Phosphorylated BR-Smads form a complex with Smad4 and stimulate transcription of the target genes through binding to the enhancer region on the promoter. BR-Smad has been shown to bind to GC-rich sequences on the enhancer regions of the target promoter and activate transcription [10, 12, 13] . Thus, we hypothesized that the BMP pathway stimulates transcription of hepcidin via GC-rich sequences other than the nucleotide sequence (5 0 -GGCGCC-3 0 ) detected in BMP-RE1 and BMP-RE2. The objective of this study was to identify additional BMP-REs on the hepcidin promoter and to clarify the role of each BMP-RE in the transcription of hepcidin.
Materials and methods

Cell culture
HepG2 human hepatoma cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% heat-inactivated FBS and antibiotics. HepG2 cells were used in luciferase-based reporter assays as described below. In addition, HepG2 cells were used to examine the gene expression and transcriptional regulation of hepcidin. To evaluate BMP-induced expression levels of the gene, HepG2 cells were cultured in 0.2% FBS for 4 h, followed by treatment with or without 4 nM of BMP2 (R & D Systems, Minneapolis, MN, USA) for 8 h.
Plasmids and reporter assays
The expression plasmid for ALK3(QD) [14] , a constitutively active BMP type I receptor, were kindly provided by K. Miyazono. Id1(-1231)-luc, which contains the BMP-RE of the mouse Id1 promoter [15] , was described previously [16] . The hepcidin reporter construct, a mouse hepcidin promoter spanning nt À2018 to nt À35 inserted into the luciferase reporter vector pGL4 (Hamp1(-2018)-luc), and the mutated plasmids were prepared using PCR-based methods. Correct preparation of the constructs was verified by nucleotide sequencing. The hepcidin reporters used in this study are shown in Table 1 . HepG2 cells (6 9 10 4 cells per well) seeded onto 24-well plates were transfected with the indicated hepcidin reporter plasmid (0.5 lg per well), ALK3(QD) (0.5 lg per well) and a b-galactosidase expression plasmid under the control of a cytomegalovirusderived promoter (pCMV-bGal, 0.1 lg per well) using polyethylenimine Max reagent (Polysciences, Warrington, PA, USA). The quantity of transfected plasmids was adjusted with empty vector, pcDNA3. After 30 h of transfection, cells were harvested. To compare the effectiveness of BMP2, HepG2 cells transfected with the indicated reporter plasmid and pCMV-bGal were treated with or without BMP2 (4 nM) for 24 h after 4 h post-transfection. Firefly luciferase activity was normalized to b-galactosidase activity as described previously [16] . Relative luciferase activity was calculated as the ratio of luciferase activity to b-galactosidase activity, and the activity in indicated cells was set at 1.
RNA isolation and real-time RT-quantitative PCR (RT-qPCR)
Total RNA was isolated from HepG2 cells using TRI-ZOL (Invitrogen, Grand Island, NY, USA) and cDNA was synthesized using a ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan), according to the manufacturers' protocols. The cDNA, reverse-transcribed from 5 ng of total RNA, was used as a template for RT-qPCR. The RT-qPCR was carried out using a THUNDERBIRD SYBR qPCR Mix (Toyobo) in a Roter-Gene 6000 with Rotor-Disk 72 (Corbett Research, Mortlake, NSW, Australia). PCR was performed as follows: an initial denaturation step consisting of 60 s at 95°C, followed by 40 cycles of 15 s at 95°C and 20 s at 60°C. Subsequently, the dissociation (melting) curve of RT-qPCR products was examined based on changes in ramp temperature from 60°C to 94°C. As a result, each sample showed a single peak, suggesting the expected PCR products. Oligonucleotide primers for hepcidin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were described previously [17] . The primers for Id1 were 5 0 -AACCG-CAAGGTGAGCAAG-3 0 and 5 0 -GATTCCGAGTT-CAGCTCCAA-3 0 . The cycle of threshold (C t ) value was determined, and the gene transcript abundance was analyzed using the DDC t method with GAPDH as the corrected gene [18] . The expression level in cells treated without BMP2 was set to 1. Previously, we reported that the hepcidin expression level was below the detection limit in HepG2 cells [17] . The use of the Rotor-Disk 72 instead of the 36-Well Rotor led to an increase in the gene expression detection limit, which enabled the detection of hepcidin expression.
Statistical analyses
Data are expressed as the mean AE SE. Fold induction of luciferase expression in response to stimulation of the BMP pathway was calculated. The fold induction comparison between the deleted or mutated reporters was made using Tukey's test, when the effect of reporter was significant. Differences in fold induction of expression or luciferase activity in response to BMP2 between hepcidin and Id1 were examined using unpaired t-tests. P < 0.05 was considered significant. 
Results
Other regions of known BMP-REs are involved in hepcidin transcription induced by the BMP pathway
Upon BMP binding to the type I and type II receptors on the cell surface, intracellular serine/threonine kinase of type I receptor phosphorylates and activates BRSmads, leading to transmitting its signal to the nucleus [10, 12, 13] . Luciferase-based reporter assays using the hepcidin promoter indicated that Hamp1(-2018)-luc expression was increased by the expression of ALK3 (QD), ALK3 (a BMP type I receptor) with constitutively activated serine/threonine kinase (Fig. 1A) . Previous studies revealed two putative BMP-responsive elements, BMP-RE1 (nt À155 to nt À150) and BMP-RE2 (nt À1678 to nt À1673) [6, 7] . Mutations of BMP-RE1 or BMP-RE2 decreased basal transcription of hepcidin. Responsiveness to ALK3(QD) expression was slightly decreased by mutations in BMP-RE1 (Fig. 1A) ; fold induction of luciferase activity in response to ALK3(QD) expression was 21.6 for the wild-type reporter, whereas it was 16.7 for the mBMP-RE1 reporter. In contrast, mutations of BMP-RE2 greatly, but not completely, inhibited responsiveness to ALK3(QD) expression (5.1-fold), and the double mutations led to a further decrease, resulting in a complete loss of responsiveness to ALK3(QD) expression (1.1-fold).
We also evaluated responsiveness to ALK3(QD) expression by use of a series of the deleted reporters (Fig. 1B) . Deletion of the upstream 600 bp, which included BMP-RE2, from Hamp1(-2018)-luc greatly decreased responsiveness to ALK3(QD) expression; Hamp1(-2018)-luc: 9.5-fold; Hamp1(-1418)-luc: 1.6-fold.
Multiple GC-rich sequences are present on the hepcidin promoter
In response to the stimulation of the BMP pathway, phosphorylated and activated BR-Smad transactivates by binding to the GC-rich sequences of target genes [10, 12, 13] . We evaluated the GC-rich content withiñ 2 kb of the mouse hepcidin promoter. To identify the GC-rich sequences, we set a 21-base frame, and the spot of the frame was shifted every 1 base. The percentage of G or C in the 21 bases was calculated and plotted ( Fig. 2A) . A GC content > 66% was judged as GC-rich (more than 14 bases of the 21 bases were guanylic acid or cytidylic acid). When at least six consecutive spots were found to be GC-rich, it was defined as a GC-rich region. There were three GC-rich areas, the distal, middle, and proximal areas ( Fig. 2A) , having 6 (A to F), 3 (G to I), and 4 (J to M) GC-rich regions, respectively (Fig. 2B-D) . BMP-RE1 is not included in the GC-rich region, whereas BMP-RE2 is located at region D. This search indicated the presence of multiple GC-rich sequences on the hepcidin promoter.
Novel BMP-REs are cooperatively involved in BMP-mediated transcription of hepcidin
To evaluate the role of the distal GC-rich regions in hepcidin transcription regulated by the BMP pathway, we first used reporter with nt À2018 to nt À1400 as the parent vector, because regions A to F span nt À1825 to nt À1525 (Fig. 2B ) and because Hamp1(-1418)-luc did not respond to ALK3(QD) expression (Fig. 1B) . Deletion of region A, E, or F did not affect ALK3(QD)-induced hepcidin transcription (Fig. 3A) . In contrast, deletion of region B, C, or D decreased responsiveness to ALK3(QD) expression; especially, the reporter with a deletion in region D lost responsiveness to ALK3(QD) expression completely.
Responsiveness to ALK3(QD) was next examined in reporters with deletions of regions G/H/I, J/K/L or M from Hamp1(-2018)-luc. Deletion of the middle or proximal GC-rich regions on the hepcidin promoter did not significantly decrease the fold induction of luciferase activity induced by ALK3(QD) expression; rather, deletion of region J/K/L or M increased the responsiveness to ALK3(QD) expression (Fig. 3B) . Theoretically, the fold induction of ALK3(QD) expression should be unchanged by deletion of the region, if the region is not involved in ALK3-mediated transcription of hepcidin. Therefore, the increase in fold induction suggests the region responsible for transcriptional inhibition in response to ALK3(QD) expression. However, deletion of region J/K/L or M also decreased basal transcription of hepcidin greatly. Therefore, because of subtle error of luciferase activity, the fold induction could possibly increase even when the regions J to M are independent of ALK3(QD)-mediated hepcidin transcription. The relative importance of regions J to M in hepcidin transcription should be evaluated in the future; nucleotide sequence of regions J to M is shown in Fig. S1 . In summary, all these results suggest that some GC-rich sequences located in distal areas of the hepcidin promoter are involved in hepcidin transcription mediated by the BMP pathway.
The nucleotide sequence of regions B to D enabled it to be separated further into GC-rich elements on the basis of consecutive guanylic acid or cytidylic acid sequences, that is, B1 (nt 1770 to nt À1767), B2 (nt 1765-to nt À1762), B3 (nt À1757 to nt À1751), C1 (nt À1730 to nt À1728), C2 (nt À1722 to nt À1715), C3 (nt À1712 to nt À1709), D1 (nt À1683 to nt À1680), and D2 (nt À1669 to nt À1666) (Fig. 4A) .
By the use of deletion mutant reporters, we evaluated the roles of the GC-rich elements in hepcidin transcription induced by the BMP pathway (Fig. 4B) . Deletion of the B2 or B3 elements slightly, but significantly, decreased responsiveness to ALK3(QD) expression, whereas deletion of the B1 element enhanced ALK3(QD)-induced hepcidin transcription. Deletion of the C2 or C3, but not C1, elements also inhibited hepcidin transcription induced by ALK3(QD) expression. Deletion of the D1 or D2 elements blunted responsiveness to ALK3(QD) expression (Fig. 4B) . We next evaluated transcription of reporters with mutations of an individual element that was inhibited by deletion. Mutations of the B2, C2, C3, D1, or D2 elements decreased ALK3(QD)-induced hepcidin transcription, whereas mutations of the B3 element did not decrease, but rather increased responsiveness to ALK3 (QD) expression (Fig. 4C) . The reason for differential effects between B3 deletion and B3 mutations is not known. It is possible that transcription factor binding site is newly formed by the deletion of B3 element; web-based search of transcription factor binding (http://jaspar.genereg.net) predicted that Nr2f6 and Rxra are newly bound to the sequence formed by the deletion of B3 element.
To explore the role of these elements further, the mutated reporters were prepared using Hamp1(-2018)-luc as the parent vector (Fig. 5A) . The mutations in the elements did not decrease basal transcription of the reporter in the absence of ALK3(QD) expression. Unlike the mutations of reporters with nt À2018 to nt À1400 as the parent vector, responsiveness to ALK3 (QD) expression was not affected by mutations in the B2, C2, C3, D1, or D2 elements; also, mutations in the B3 element did not affect ALK3(QD)-induced transcription. Because the mutations of C2, C3, or D1 element decreased basal transcription, total activity of hepcidin transcription induced by ALK3(QD) expression was decreased by these mutations of elements. One of the differences between the reporters with nt À2018 to nt À35 and those with nt À2018 to nt À1400 is the presence/absence of BMP-RE1. Transcriptional inhibition of hepcidin resulting from mutations in BMP-RE2 was exaggerated by mutations in BMP-RE1 (Fig. 1A) . Thus, the B2, C2, C3, D1, and D2 elements may elicit hepcidin transcription by the BMP pathway through cooperation with BMP-RE1. To verify this possibility, we prepared reporters with mutations in a series of elements from B2 to D2 in the presence of mutations in BMP-RE1. The mutations in the B2, C2, C3, D1, or D2 elements in the presence of mutations in BMP-RE1 did not affect basal transcription of the reporters, but decreased responsiveness to ALK3(QD) expression was exhibited, suggesting that these elements are required for full activation of hepcidin transcription by the BMP pathway (Fig. 5B) .
We also examined cooperative effects of these elements with BMP-RE2. Mutations of each element in the presence of mutations in BMP-RE2 did not significantly decrease the responsiveness to ALK3(QD) expression (Fig. 5C) . Rather, mutations in the B3 or D1 elements increased ALK3(QD)-induced 
BMP2 increases hepcidin expression more efficiently than Id1 expression
The results shown above indicate that hepcidin transcription is affected by the involvement of multiple BMP-REs located on its promoter. Therefore, we suspected that hepcidin expression is strongly induced by the BMP pathway. Id1 is a well-known BMP-responsive gene [8] , and Id1 is frequently used to evaluate BMP-mediated signaling [15, 16] . Previously, various BMPs, including BMP2, stimulated hepcidin expression [19] . Thus, we compared the expression levels of hepcidin and Id1 in response to BMP2 (Fig. 6A) . The increase in hepcidin expression in response to BMP2 was higher than that in Id1 expression in HepG2 cells (Fig. 6A ). In addition, BMP2 stimulated transcription of Hamp1(-2018)-luc, but not Id1(-1231)-luc (Fig. 6B) ; previous studies showed that BMP2 stimulated transcription of Id1(-1231)-luc in the other cells such as C2C12 myogenic cells and B16 melanoma cells [15, 16] . Similar results were observed when BMP signal was stimulated by ALK3(QD) expression (Fig. 6C ).
Discussion
Hepcidin expression is transcriptionally regulated and the BMP pathway plays a central role in hepcidin transcription via two 5 0 -GGCGCC-3 0 sequences, that is, BMP-RE1 and BMP-RE2 [1, 4, 5] . BMP stimulates transcription of target genes through phosphorylation and activation of BR-Smad [10, 11] . However, the binding of BR-Smad is not limited to the sequence 5 0 -GGCGCC-3 0 , and a GC-rich sequence is essential for transcriptional activation [10, 12, 13] . In accordance with this, chromatin immunoprecipitation-sequencing analysis using anti-Smad1/5 antibody revealed several GC-rich sequences as Smad-binding elements (SBEs) in vascular endothelial cells and smooth muscle cells [20] . Furthermore, previous results on hepcidin transcription using reporters with deletions in the hepcidin promoter suggested additional BMP-RE(s) unidentified yet [7] ; deletion of hepcidin promoter decreased BMPinduced hepcidin transcription, even when both BMP-RE1 and BMP-RE2 existed [7] . Thus, we hypothesized that hepcidin transcription is activated by the BMP pathway via BMP-RE(s) yet to be identified, which contain GC-rich sequences. The present study revealed that a search of the hepcidin promoter indicated multiple GC-rich sequences within~2 kb of the hepcidin promoter and that several elements, which we named B2, C2, C3, D1, and D2 elements, in the distal area of the hepcidin promoter are required for maximal expression of hepcidin induced by the BMP pathway through cooperation with BMP-RE1. Considering that these elements are not limited to the mouse hepcidin promoter, the novel BMP-REs may be involved in hepcidin transcription induced by the BMP pathway across species.
The present study indicates novel BMP-REs in the distal area on the hepcidin promoter, which regulates BMP-induced hepcidin transcription through functional Alternatively, it is also possible that the novel BMPREs are required for full function of BMP-RE2 as a responsive element for BMP signaling. Elements B2, C2, C3, D1, and D2 span within~100 bp (Fig. 4A) and are very close to BMP-RE2. Thus, the decrease in responsiveness to ALK3(QD) expression by mutations of novel BMP-REs in the presence of mutations of BMP-RE1 (Fig. 5B ) may result from partial inhibition of function of BMP-RE2 to elicit responsiveness to ALK3(QD) expression; in fact, BMP-RE2 is more important for the responsiveness to ALK3(QD) than BMP-RE1 (Fig. 1A) . Future studies are needed to clarify the molecular basis underlying transmission of BMP signaling via elements B2, C2, C3, D1, and D2.
Truksa et al. [7] searched the transcription factor binding motifs on the hepcidin promoter using software, and evaluated single effect of the putative elements on the hepcidin promoter on BMP responsiveness. They found that deletion of sequence named as BMP-RE2/bZIP/COUP/HNF4 (nt À1681 À1654), which contains BMP-RE2, D2 element, and a part of D1 element (Fig. S2) , led to the loss of ability to respond to BMP signaling. In addition, deletion of motifs of estrogen-related receptor binding (nt À1769 to nt À1756) that includes B2 element and a part of B3 element did not affect responsiveness to the BMP signaling but decreased the total activity of hepcidin transcription because of a decrease in basal transcription. Similar results were observed in the deletion of the middle part that was suggested not to have identifiable transcription factor consensus motifs by Truksa et al. [7] but that includes C3 element and a part of C2 and D1 elements. Their results on deletion of BMP-RE2/bZIP/COUP/HNF4, motifs of estrogenrelated receptor binding, or the middle part are partly consistent with the present results; mutations of BMP-RE2 decreased responsiveness to the BMP signaling that stimulates hepcidin transcription (Fig. 1A) . In addition, although the mutations of C2, C3, or D1 element did not affect the fold induction of luciferase expression in response to ALK3(QD) expression, the total activity of hepcidin transcription achieved by ALK3(QD) expression was found to be decreased (Fig. 5A) . However, mutations of B2 or B3 element did not decrease the total activity of hepcidin transcription induced by ALK3(QD) expression, which was not consistent with the results on deletion of motifs of estrogen-related receptor binding by Truksa et al. [7] . Regions examined by Truksa et al. [7] on responsiveness to the BMP pathway were broader than those evaluated in this study (Fig. S2) , which may be related to inconsistent results. Alternatively, the differential approach to evaluate BMP responsiveness, that is, use of deleted reporters or mutated reporters, is likely to affect transcriptional activation of hepcidin as described above.
In this study, we also revealed the extent of hepcidin induction in response to stimulation of the BMP pathway was higher than that of Id1, a well-known BMPresponse gene, in HepG2 liver cells, as shown by mRNA levels and transcriptional activity. Minimal sequence of Id1 promoter responsible for transactivation in response to BMP signaling spans to nt À1133 to nt À1025 [15] , and several elements located in the region are involved in BMP-induced Id1 transcription; two 5 0 -GTCT-3 0 sequences named as SBE, one 5 0 -GGCGCC-3 0 that is the same as BMP-RE1 and BMP-RE2 on the hepcidin promoter, and two 5 0 -CAGC-3 0 sequences. Among them, Smad4 but not BR-Smad (Smad5) bound to SBEs [15] . Contrary to Id1 transcription by BMP, the stimulation of hepcidin transcription by the BMP pathway is involved in the five GC-rich elements in the distal area on the hepcidin promoter in addition to known 5 0 -GGCGCC-3 0 sequences located in the distal and proximal areas. Differences in nucleotide sequence and arrangement of BMP-REs between Id1 and hepcidin are likely to lead to those of sensitivity to BMP signal. BMP is a pluripotent growth factor that participates in various biological processes [10, 11, 21] . Differences in sensitivity to BMP among BMP target genes may lead to the pluripotency of BMP.
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